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SUMMARY 

The icing character is t ics ,  the  de--icing r a t e  with hot air, and 
the effect  of impact i ce  OM f u e l  metering and mixture dis t r ibut ion 
have been determined i n  a laboratory ixvestigation af tha t  par t  of 
the  engine induction system cansisting of a three-barrel  injection- 
type carburetor and a supercharger housing with spinner-type f u e l  
inject ion from an 18-cylinder r ad ia l  engine used on a large twin- . 
engine cargo airplane. 

The induction system remained ice-free a t  carburetor-air  tem- 
peratures above 36' F regardless of the  moisture content of the  
a i r .  Between carburetor-air temperatures of 32' and 36' F with 
h ~ m i d i t y  r a t i o s  i n  excess of saturation, . serious th ro t t l i ng  i ce  
f ormed i n  the  carburetor because of exps,nsion cooling of the  air; 
at  carburetor-air temperatures below 32' F with humidity r a t io s  i n  
excess of saturation, s&ious impact-ice formations occurred, 
Spinner-type f u e l  i n j ec t ion ,a t  the entrance t o  the  supercharger 
and heating of the  supercharger-inlet elbow and t h e  guide vanes by 
t h e  wamn o i l  i n  the r ea r  engine housing a r e  design features  tha t  
proved effect ive i n  eliminating fuel-evaporation ic ing and mini- 
mized the  fornation of th ro t t l i ng  ice below the carburetor. 

Air-flow recovery time with f ixed t h r o t t l e  was rapidly 
reduced as the  i n l e t  -air wet -bulb temperature was increased t o  
55' F; fu r the r  temperature increase produced negligible improve- 
ment i n  recovery time. Larger i c e  formations and lower ic tng 
temyeratures increased the time required t o  res tore  proper air 
flow a t  a given wet-bulb temperature. 

Impact-ice formations on the  entrance screen and the  top of 
t h e  carburetor reduced the  over-all fue l - a i r  r a t i o  and increased 
t h e  spread between the  over-all  r a t i o  and t he  fue l - a i r  r a t i o  of 
t h e  individual cylinders. The normal spread of fue l - a i r  r a t i o  
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was -increased from 0,020 t o  0.028 when the l e f t  quarter of the 
erltrranco screon was blocked i n  a manner simulating the blocking 
resinlting from ice  fornations released from upstream duct walis 
during hot-air  de-icing. 

INTRODUCTION 

During World War 11, the operation of heavily loaded cargo 
a i r c r a f t  aboTre the c r i t i c a l  engine a1titud.e resul ted i n  the  loss 
of many a i r c ra f t  due t o  induction-systm icing, The power required 
t o  maintain safe  ~tlt i tucles i n  adverse weather conditions over noun- 
Lains may demand. f ull-ram co ld - j i r  intake and prohibit  continuous 
use of a l te rna te  hot a i r  with the  attendant a1t;itud.e loss.  Inter-  
mittent hot-air  de-icing of the carburetors has been resorted t o  
but rough engine operation or  engine stoppage may re su l t  from 
excessive variations of the  fue l - a i r  mixture caused by slow 
response or  overcompensation of the  automatic mixture control 
during high ra tes  of temperatme incruase a t  a l t i tude ,  from water 
entering the  air-metering passages of the  carburetor, o r  from 
p a r t i a l  blocking of the carburetor I n l e t  by large pieces of i c e  
melted off the  duct w a l l s ,  Emergency d.e-icing and ice  prevention 
by means of alcohol sprays upstream of the carbyretor proved t o  be 
e r r a t i c  and constituted a f i r e  hazard as well  as a serious 'trans- 
portation problem because of the weight of the  alcohol r e ~ u i r e d  
f o r  long f l i g h t s .  , .  

An investigation of the ic ing and de-icing c h a r a c t e r l ~ t i c s ~ '  
of an en t i re  induction system from air  i n l e t  t o  engine ha's been 
made at the NACA Cleveland labo~ator~y.  One par t  of the inv'es- 
t iga t ion  consisted of a study of the impact-icing character is t ics  
of the  a i r  scoop and the ducting upa-tseam of the  carburetor. This 
research was perfomed i n  the ic ing reeearch tunnel a t  the - 
Cleveland laboratory and Led t o  the  deeign of an air-scoop 
entrance tha t  minimized the formation of serious impact i ce  i n  
the  induction system (reference 1 ) .  

It had been previously established (references 2 t o  4 )  t ha t  
t he  ic lng  character is t ics  of an airplane-engine induction system 
could be cons@rvatively determined i n  terms of carburetor-inlet  
conditions by means of a laboratory setup tha t  used only' the 
carburetor and the  engine-stage supercharger and supplied f u e l  
and conditioned air at the proper pressure, temperature, and 
humidity r a t i o ,  A correlat ion of the ic ing charac ter i s t ics  
obtained i n  such a laborato,ry setup (ref erenco 2) ,  i n  an airplane 
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on the ground (reference 3) and i n  f l i g h t  (reference 41, an& i n  a 
multicylin&er engine on a dynamometer t e s t  stand has been made 
i n  reference 4. . 

The investigation reported herein was theref ore conducted on 
t h s  se$u.p d.escribed i n  reference 5 but with the  appropriate car- 
buretor a id  supercharger assembl-y . Air-supply l imitations 
r e s t r i c t ed  the experiments t o  the  60-percent power r a t ing  of the  
engine, The resu l t s  obtained at t h i s  power leve l  a re  considered 
t o  be conservative f o r  operation a t  normal rated power (refer-  
ence 2 ) .  

The purpose of t h i s  investigation was t o  establish:. (1) the' 
basic  icing character is t ics  of the  system i n  terms of carburetor 
i n l e t  - a i r  temperature and humidity ra t io ,  ( 2 )  t he  hot-air  de-icing 
character is t ics  i n  terms of the  wet -bulb tempera%ure of the  
de-icing a i r  and the time required t o  restore  95 percent of the 
maximum possible hot - a i r  flow a f t e r  various degrees of i n i t  i a l  
icing, and (3) the  e f fec ts  of carburetor-ice f omnations on f u e l  
metering ahd mixture distribution t o  the cylinders. 

AI?PARATUS 

A complete detailed description of the  apparatus, which was 
mo6ifiled t o  s u i t  the carburetor-supercharger aasembly inveatigated, 
is presented i n  reference 5. Photographs of the ins t a l l a t ion  a re  
shown i n  f igure  1; The carburetor-supercharger assembly -consisted 
of a 3-barrel inject ion type carburetor with spinner-type f u e l  
inJection and an 18-cylinder r ad ia l  engine accessory and super- 
charger homing. A diagram of the carburetor and the supercharger- 
i n l e t  elbow is shown i n  f igure  2. The carburetor screen f o r  t h i s  
engine is 114-inch mesh with 0.030-bnch-diaeter wire f i t t i n g  
close t o  the top of t h e  boost venturi  on the  top flange of the  
carburetor. Observation windows were provided i n  ,the supercharger - 
i n l e t  elbow, as shown i n  ' f igure 3, t o  permit inspection of ice  
f ormat i ons " during the rum . 

Each of the nine supercharger out le t s  of the  engine accommo- 
dates two cylinders. through Y-type dnt,ake pipes. I n  the labora- 
to ry  iristallation, s ingle  intake pipes were connected t o  nine 
extensibn tubes tha t  joined i n  a col lector  r ing  with a s ingle  
out le t .  Manifold pressure was controlled by a damper i n  the 
pipe doimstream of the col lector  ring. 

The a i r  ducting used f o r  hot -a i r  de-icing consisted of two 
pa ra l l e l  systems with heaters and hmidl f  icat ion f a c i l i t i e s  i n  
each system, One system supplied a i r  under ic ing conditions and 
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the other systems supplieii. hot air f o r  de-icing. Eaeh duct had a 
t i g h t  shut-off valve and a bleed l ine,  which was a l so  equipped 
with a t i gh t  shut -off valve. operation of these valves was 
such tha t ,  when e i ther  the  air used f o r  ic ing o r  tha t  used f o r  
de-icing w a ~ l  being passed through the  carburetor, the other air 
sripply was s o  bypassed through the  bleed l ine  tha t  proper t s m -  
pe ra twe  and moisture conditions could be maintained i n  both 
systems. 

The i n l e t  t o  the supercharger impeller of t h i s  engine is sub- 
merged i n  the accessory drive housing and affords a degree of 
inherent ice  protection becauae the  hot o i l  i n  the  passages f o r  
the various ~ ika f t s  of the accessory drive housing heat the walls 
of the  air passage. Thermocouples were ins ta l led  throughout the 
supsrcharger-inlet elbow and turning vanes, as shown i n  f igure  3, 
t o  determine the  temperature of the  surjfa~e where ice  was expected 
t o  form, 

A f li&t -type. two -capsule pressure recorder was used t o  
record continuously carburetor-metering suction d i f f e ren t i a l  and 
or if  i c e  d i f f e ren t i a l  f o r  the  air flow from *which f u e l  flow and 
air  flow could be computed f o r  the  rapidly changing conditions 
encoun-i;cred during de-icing. The record was made on photographic 
film and included timing marks at 1-second intervals  and indexing 

: marks t o  indicate tlie s t a r t  of de-icing. 

The comb?nstibles analyzer used t o  determine ' t he  mixture d i s  - 
t r ibu t ion  consisted of a multiport valve f o r  taking samples suc- 

. . "cessively from each out let  pipe, a netering block f o r  d i lu t ing  
' the  mixture sample with a i r ,  an e lbc t r ica l ly  heated platinum 
filamenk, and a balanced Wheatstone bridge. Combustion on and 
around the f ilament of the  f u e l  i n  the  sample, which was diluted 
t o  below the explosive l i m i t ,  increases the  filament temperature, 

'' changing its resistance, This change i n  resis tance was measured 
by a balanded Wheatstone bridge and was proportional t o  the  q o u n t  
of combustibles present i n  the sample. The analyzer was c a l i -  
brated by taking samples downstream of the  co l lec tor  r ing  where 
the  fue l - a i r  r a t i o  was calculated from fuel-flow and air-flow 
r e a d i n p .  This method of calibration, together with the inherent 
accuracy of the instrument, allowed the fue l - a i r  r a t i o  t o  be 
determined t o  within 0,002. Fine mesh ecreens were instaxled i n  
the  upstream end of each branch pipe t o  insure thorough mixing 
of the  f u e l  and the air before t h e  sample was removed. f or  
analysis , 
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The procedure followed f o r  the ic ing investigation consisted 
i n  vtzrxing carburetor-air temperature and humidity r a t i o  as deter- 
mined by dew--point or  wet-bulb measurement and r a t e  of water 
ingcction f o r  the  purpose of determining the  l imit ing conditions 
f o r  the occurrence of icing. The icing character is t ics  were 
appx-aiaed by inspection of the  carburetor and the  supercharger- 
i n l e t  elbow or by observation of the  drop i n  a i r  f l o v  resul t ing 
from blockage of the induction system by ice. Serious ic ing was 
t h e  ic ing tha t  caused a 2-percent loss  i n  a i r  flow within 15 min- 
utes. Experiments were made with and without f u e l  inject ion t o  
determine whether carburetor ice, formed at air temperatures above 
32' F with s imulated-rain inJect ion, was caused by the expansion- 
cooling ef fec t  i n  the carburetor or by the re f r igera t ion  effect  
of f u e l  evaporation. 

Normal engine temperatures were simulated by maintaining 
an o i l  temperature of approximately 160' F during the  investiga- 
t ion.  The f u e l  and the water temperatures 'were maintained a t  
approximately 40' F, Previous research (reference 2 )  demonstrated 
t h a t  the la ten t  heat of vaporization of f u e l  and the la ten t  heat 
of water have a more pronounced ef fec t  on induction system icing 
than the temperature of the f u e l  or  the water at the  point of 
injection. It was therefore not considered necessary t o  vary 
t h e  f u e l  or  the w a b r  temperature with change i n  a i r  temperature. 

The i n i t i a l  engine operating conditions selected f o r  the 
en t i r e  investigation were: carburetor top-deck pressure, 
22.2 inches of mercury absolute; a i r  flow, 7000 pcunds per hour; 
supercharger gear ra t io ,  low; s imulated-rain temperature, 40' F; 
f u e l  temperature, 40' F; and fue l - a i r  ra t io ,  0.075, The f u e l  
used was AN-F -22 (62 -octane), which gives conservative resu l t s  
because it is more vo la t i l e  than the  service f u e l  AN-F-28 
(100-octane) generally used i n  the engine (reference 2) .  
Humidity r a t io s  were varied between 0,0018 axld 0,027 f o r  
carburetor-air tem~eratures  from 44O t o  17O F. The carburetor 
screen was removed a f t e r  i n i t i a l  experiments when it was  learned 
t h a t  the use of carburetor screens was no longer mandatory 
during impact-icing weather. Most of the  ic ing and the  mixture- 
d is t r ibut ion  investigations and a l l  the de-icing investigations 
were made without the  carburetor screen. 

Hot-air cie-icing was investigated by f i r s t  i c ing  the  car- 
buretor a t  e i the r  of two im?act-icing conditions ( a i r  saturated 
at  0' or 25' F and simulated-rain inject ion of 590 grams/min) 
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u n t i l  a predetermined air-flow Loss had occurred and then de-icing 
the  system with hot air  a t  different  wet -bulb temperatures. The 
ef fec t  of Yne magnitude of the i ce  formation on the  de-icing time 
was studieu by allowing the a i r  flow t o  be reduced by 2000 and 
4000 pounds per hour i n  two ser ies  of experiments a t  25' F. . . 

During the  i n i t i a l  ic ing period, warm a i r  was  bled through 
the  de-icing a i r  duct a t  a r a t e  of 3000 pounds per hour t o  pre- 
vent surging of the system pressure-control valve when th:e de-icing 
a i r  was switched t o  the  carburetor and t o  permi* s t ab i l i z ing  the 
temperature and the humidity of the  de-icing air i n  advance. 

For the  determination of fuel-air-mixture dis t r ibut ion,  
samples from the nine tubes leading t o  the co l lec tor  r ing  and 
from the out le t  of the  col lector  r ing  were successively passed 
through the combustibles analyzer. Some d i f f i cu l ty  was experi- 
enced i n  determining mixture d is t r ibut ion  when i c e  was present i n  
the  induction system becauae of changes i n  ice  formagion before 
sampling was completed, A t  an a i r  temperature of 25  F with 
simulated-rain injection, conditions t h a t  were nearly s tab le  could 
be maintained by shuttin$ off the  water a f t e r  the air flow had 
decreased approximately 500 pounds per hour. Local i ce  formations 
were simulated by covering sections of the  carburetor screen with 
cardbowd, which blocked the  a i r  flow i n  t h a t  region. 

RESULTS AND DISCUSSION 

I c  ing Invest igat  ion 

The l i m i t s  of no icing,. serious th ro t t l i ng  icing, and serious 
impact ic ing are  plotted against carburetor-air dry-bulb tempera- 
t u r e  an& humidity r a t i o  i n  f igure  4. These data  show tha t  f o r  the  
operating conditions used i n  these experiments t h i s  induction 
system i~ ice-free a t  any humidity rakio less  than saturat ion o r  % 

a t  carburetor-air temperatures' above 36' F with any humidity ra t io .  
A t  carburetor-air temperatures between 32' and 36' F, no appre- 
c iable  difference i n  appearance or  e f fec t  of the  ice  formation 
occurs as a r e su l t  of f u e l  injection, which indicates that  ice  i n  
t h i s  range is caused solely by the  expansion cooling of air by 
carburetor thro t t l ing ,  A t  carburetor-air  temperatures below 
32' F, t h ro t t l i ng  continues t o  have an ef fec t  upon the  ultimate 
i c e  accretion i n  the system but l a  l e s s  si@if.icant than impact 
ic ing  , 

Impact i ce  forms rapidly on the  carburetor screen and the  
air-metering parts of the carburetor a t  temperatures below 32' F 
and humidities above saturation. The entrance screen, which is 
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f l a t  and f i t s  very closely t o  the boost ,venturi, became iced 
( f ig .  5 ( & ) ]  t o  the extent tha t  a i r  flow was reduced 50 percent i n  
6 m:',nutes a t  a carburetor-air temperatlure of 28' F with a water- 
inject ion r a t e  of 500 grams per minute (hmidi ty  r a t io ,  0.0136). 
When such icing occurs, the metering of the  c a r b u r e t ~ r  can be 
impaired without &ny i ce  forming on the  air-metering parts  because 
of reduced a i r  flow tnrough the  boost venturi. Water paasing 
through the screen before it is blocked. with ice  causes Ice fomna- 
t i o n  on the  rentur i ,  boost venturi, and impact tubes ( f ig .  5(b) ) 
and resu l t s  i n  excessively r i c h  or  lean mixtures dependent upon 
t h e  principal location of the  ice. 

Wster or ice  i n  any of the  small d r i l l ed  a i r  passages of the  
carburetor t h r o t t l e  bo6y and regulator uni t  through which air 
should flow continuously can upset f u e l  metering by a l te r ing  the  
calibrated res t r ic t ions  o r  completely blocking t h e  passages. 
Figure 2 is a schematic dragram of the  carburetor t h r o t t l e  body 
and regulator un i t  showing the  air-flow path i n  t h e  metering 
system. W ~ t e r  entering the impact tubes must e i the r  drain through 
very small bleed holes in to  the  main venturi or  pass throtxgh the  
automet i c  mixture-control valve in to  chbber  A. A f ixed r e s t r i c  - 
t i o n  connects chambers A and B. Two out le t  passages lead t o  t h e  
boost venturi from chamber B. A vent i n  the  lower passages is 
provide& t o  return trapped water t o  the  a i r  stream when the 
t h r o t t i e  is cLosed. 

The r e su l t s  of the icing investiga%ion are  presented i n  
t ab le  I, which shows t h a t  the  reduction of fue l - a i r  r a t i o  t o  
excessively lean values may i n  some casea be the c r i t i c a l  f ac to r  
i n  the seriousness of Impact-ice formations. A fue l - a i r  r a t i o  
of approximately 0.074 is obtained with the  mixture control i n  
t h e  automatic-rich position a t  an a i r  flow of 7000 pounds per 
hour, as shown from the r e su l t s  of the flow-bench cal ibrat ion 
of the  carburetor i n  f igure  6. - The serious drop i n  fue l - a i r  
r a t i o  a f t e r  15 minutes of impact ic ing shown by some of the  
points i n  f iguxe 6 could be par t ly  overcome by moving t h e  mixture 
control t o  f u l l  r ich; t h i s  coritrol movement bypasses the  auto- 
mattc mixtwe-control uni t  and gives uncompensated metering- 
suction d i f f e ren t i a l  across the  diaphragm. The f u l l - r i c h  bypass 
valve ( f ig .  2 )  would be effect ive unless ice  had blocked the 
passage from the  i m ~ a c t  tubes t o  chamber A. 

Spinner-type f u e l  inject ion from a s l inger  r ing  d i rec t ly  
in to  the inducer bladea of the  impeller on t h i s  engine effec- 
t i v e l y  prevents the  reveYrse flow and eddying of the  f u e l  spray 
around the th ro t t l e s  t h a t  is responsible f o r  much of the 
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fuel-evapor'ation ice  formed when f u e l  is injected near the  carbu- 
r e to r ,  Centrifugal force a t  the  s l inger  r ing  also prevents block- 
ing of the f u e l  dfscharge holes by ioe accretions. 

Icing of the turning vanes of the supercharger-inlet elbow 
is reduced 3y the proximity of warm o i l  passing through the  r ea r  
accessory housing. Representative metal temperatures obtained i n  
t h e  supercharger-inlet elbow a f t e r  1 2  minutes undar icing condi- 
t i ons  with simulated-rain inject ion of 500 grams per minute were 
as follows : 

'see f igure  3 f o r  thermocouple locations. 

Carbu~etor- 
a i r  temper- 
a ture ,  OF 

The temperatures at the  r ea r  wall of the  supercharger-inlet 
e1bot.T (thermocouples 2 and 3)  a re  high enough t o  afford some i ce  
protection but the impeller-shaft-boss (thermocouple 1) and turning- 
vane (thermocouples 4, 7, and 8) temperatures a re  only s l igh t ly  
above carburetor-air temperature. These temperatures could be 
s l i g h t l y  increased with increased o i l  temperature or c irculat ion 
i n  this section of the engine. 

Under very l igh t  inpact -icing conditions a t  a temperature of 
29' F when the  carburetor-entrance screen was nat used, l i t t l e  i ce  
f omed on the carburetor ( f ig .  7 (a) ), a heavy deposit formed on 
the  t h r o t t l e  plates ( f ig .  7 (b) ) ,  and a t race  of i c e  was observed 
on the  top inlet-guide vane at the  supercharger-impeller entrance 
(f i g  7 c )  This ice  did not seriously &f ect  operat ion during 
a 3-hour run; the top guide vane makes poor thermal contact with 
t h e  warn walls of the i n l e t  elbow and is the location most sus- 
cept ible  t o  i c e  formation below the  carburetor. (See f i g .  7(c).) 

Under heavier impact-icing conditions, t he  i c e  formation at 
the  top of the  carburetor occurs more rapidly and re la t ive ly  
smaller amounts of ice  f o m  on the. t h r o t t l e  plates f o r  a given 
los s  i n  a i r  flow, 

Thermoc ouple 1 

1 1 2 1 3 1 4 ( 5 1 6 1 7 1 8 

Metal temperattwe, OF 

3 5 

38 44 75 

69 

70 

38 

40 

58 

61 

37 

39 
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De-Lcing Eivestigation 

The ic ing conc?itio~s,  the. d e - i c i ~ g  co~.ditio%s; and th-o reoov- 
ery data o'btained d ~ r i n g  hot-air  de-iciag are  p"esea;r,ed i n  t ab le  11. 

Cri.terion of de-icing effectiveness , - A t  the  same carburetor- ------ 
deck pressure f o r  the 5cKg and t n e  de-icing c o n d i t i o ~ s ,  the lower 
density of' the  de-icing a i r  caused the m a x i a m  -possS.ble recovered 
Warm-air f lorr t o  be less  than the i n i t i a l  cold-air  flow. The 
variati-on ~f mass a i r  flow with carbwetor-air  temperature vas 
experta~entaliy detemined f o r  coi?starrt engine spsed, t.;zro.';tle 
ar~gle, carrhuretor-deck pressure correapond.ing t o  a noninal 
set1,ing of 7000 pounds per h v ~ r  at the ic ing temperature, The 
experimemtally determined values of mass a i r  flow were then wed 
t o  caX::u l a t e  the  value of -3-mum possible warm-air flow corrected 
f o r  sn3; i n i t l a l  departure from the  nominal conditicns. The time 
reqv.i:-+ea t o  recover 95 percent of t h i s  value was taken as t h e  
c r i t e r ion  of de-icing effectiveness became the asjmptotic approach 
t o  f u l l  recovery makes full-recovery time d i f f i c u l t  t o  detsrmine 
precisely,  

A previous investigation (reference 6 )  has demonstrated t h a t  
de-icing time is a function of the  wet-bulb temperatwe of the  
warm air. Calculated cFrves showing de-icing time a f t e r  ic ing at 
2 5 O  F f o r  vari6us r e l a t  lye humidities plotted against dry -bulb 
temprature a re  shown i n  f igure  8. 

Effect of iclng temperature on de-icing time, - No exact ----.-- - F - - - I - -  d.---- 

r e l a t ion  exis t s  befwesn the mount of i ce  removeu and the r a t e  a t  
which heat is supplied because the de-icing pzoceas does not con- 
sist i n  meltlng a l l  the ice  bv~t involves melting the i c e  only u n t i l  
t h e  bond 'between the ice  ana the metal is suf f ic ien t ly  veakened t o  
allow the air stream t o  break tne bond and carry the i ce  away, 

The de-icingotime is greater f o r  ice  formed at  0' F than f o r  
t h a t  formed at 25 F (f ig .  9 ) , The heat content of i c e  a t  0' F is 
only 12 Etu per pound less  than f o r  i ce  a t  25' F and the  differ-  
ence betwean the heat requirements f o r  melt5.ng a pound of i c e  i n  
t h e  two cases is only 8 percent. But the difference between the  
o5served de-icing times varies from a maximum of 47 percent at a 
wet-buSb temperature of 43' F t o  an a7knost negligible Cifference 
at  wet-bul3 temperatures above 60' F, The discrepaixy m3.y be 
par t ly  a t t r ibutable  t o  the  variable effects  of t h e ~ m a l  capacity 
and conductivity of the  metal parts of the  carburetor with the  
e f fec t  of thermal capacity predominating at  low ra t e s  of Ge-ic ing 
and the effect  of conductivity Winging about more rapid ice- 
bond melting at higher ra tes  of heating, 
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EtTect of d e g ~ e e  of ic ing on d e - i c i g  - t ine ,  - The re su l t s  of 
hot-air  de-icing a f t e r  ice  is p e h t t e d .  - to '  f o m  under the same 
conciltions a t  2 5 O  F u n t i i  an air-flow loss of e i the r  2000, or  
4000 pounds per hour is experienced are  shown i n  f igure  10, Icing 
under these conditions shou1.d give formations of the same type and 
i n  the  same location, varying only i n  magnitude. . This formation 
is confirmed by the f a c t  t h a t  the  de-icing curves f o r  the  two , 
cases a re  s imilar  but displaced with r e s p e c t t o  de-icing time and 
no doubt are  par t  of a c o n p l e t ~  family of such curves, This corn- . 
parison shows tha t  de-icing time .is a function of t h e  mount of 
i c e  t o  be removed, 

I n  t h i s  case, as previous~y, the  de-icing a i r  is  not required 
. t o  melt a l l  the ice  but merely t o  loosen it from the  metalsurfaceS. 
The time required t o  remove a larger  formation of ice  is greater  
because tne i ce  covers a greater area and the  greater  thickness. of 
i ce  provides more thermal insulat ion of the  metal surfaces and 
more completely obstructs the flow of de-icing a i r ,  

De-icing is  accornpllshed within 0.4 minute or  l e s s  whenever 
the enthalpy of the a i r  is greater  than 30 Btu per pound orothe 
wet-bulb temperature of the de-icing a i r  is greater  than 58 Fa 
The air-flow recovery time a t  f ixed t h r o t t l e  rapidly: reduces with 
increase i n  in l e t - a i r  wet-bulb temperature t o  55' F; fu r the r  
perature increase produces negligible improvement i n  recovery time. 

Correlation between air-flow recovery and fue l - a i r  r a t io .  - 
A t  t he  s t a r t  of de-icing, ra ther  high fue l -a i r  r a t i o s  occur with 
ic ing  temperatures cf O0 F but with the application of hot a i r  the  
fue l -a i r  r a t i o  drops and remains quite low a t  the  time of air-flow 
recovery. A t  25' F, the  fue l - a i r  r a t i o  at the s t a r t  of de-icing 
and a f t e r  air-flow recovery are  both affected by the severi ty  of 
the  icing; fue l -a i r  r a t i o  remains abnormally low f o r  some time 
af te r  recovery from an air-flow loss  of 4000 pounds per hour but 
regains nearly normal values immediately a f t e r  recovering from a 
loss of 2000 pounds per hour. A s  indicated -in t ab le  11, .and 8s 
shown i n  f igure  11, the fue l -a i r  r a t i o  a% the  start of de-icing 
and a f t e r  sat isfactory air-flow recovery is i n  many cases uneuit- 
able f o r  proper engine operation and would cause rough running 
and loss  of power if not complete stoppage, I n  such cases adequate 
e f iaus t  heat t o  insure de-icing at the ra tes  obtained i n  these 
experiments may be unavailable. The low fue l -a i r  r a t io s  experi- 
enced during de-icing and at the  time of recovery are  probably 
caused by water freezing i n  the impact tubes or  i n  the passages 
between the impact tubes and the diaphragm chamber i n  the car- 
buretor; because the passages are subnexged. i n  the  cax-buretor 
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body, almost the en t i re  carburetor must be warme6 i n  oreer t o  
rmove sucii ail ice r e s t r i c t ion ,  Zuring very serious ic ing condi- 
t i c n s  and especially during use of hot a i r  f o r  de-icing, the fue l -  
air  r a t i o  would remain within coubustible l i m i t s  f o r  a longer 
period by a change $9 f u l l - r i ~ h  mixture-control se t t ing .  

Mixture-Distribution In-restigation 

~f xture -dis t r ibut ion patterns at  a carburetor -a i r  temperature 
of 80' F and an engine speed of 2000 rpm with wide-open th ro t t l e  
show good reproducibili ty ( f i g  . 1 2 ) ,  the maximum deviation from 
the mean f o r  each cylinder being approximately 4 percent. The 
r e su l t s  of t h i s  investigation a re  iq f a i r  agreement with refer-  
ence 7 with respect t o  the spread i n  f u e l i a i r  r a t i o s  between the 
r%.chest and the leanest cylinders, The geometry .of the patterns 
obtained a t  approximately the same conditions of engine speed, 
t h r o t t l e  angle, over-all  fue l - a i r  r a t io ,  and carburetor-air tem- 
perature do not agree with the patterns of reference 7. The data 
obtained from the laboratory ins t a l l a t ion  under condi tLons of steady 
flow a re  of value i n  determining the e f fec t  of ice accretions on 
mixture d is t r ibut ion  but are  probably not indicative of the d i s -  
t r ibu t ion  f o r  a complete engine. 

Effect of icing op mixture dis t r ibut ion.  - The change i n  
mixture d is t r ibut ion  obtained a t  full-open and par t - thro t t le  
(280) se t t ings  w b n  the induction system is  alloned t o  ice  under 

. Impact-icing conditions i s  shown i n  f igure 13. I n  both cases, 
the respective i n i t i a l  and f l n a l  a i r  qlows and carburetor-air  
temperatures are  approxixately the same, The average spread i n  
f u e l - a i r   ratio^ bet-men the r iches t  and the leanest cylinders a t  
f u l l  throt tze i s  gzeater a f t e r  icing of the cayburetor than before 
but i s  less.' a f t e r  Icing a t  a t h r o t t l e  angle of 28O. The most 
aignif icant  effecr, of icing the carqiuretor is  the decrease i n  
over-all: fue l - a i r  r a t i o  i n  bath ca,ses. . , .. ~ . :  .. . . 

Ef f:eqt. of locstion'  of sim!nla+ d -ice formation on mfxture ---..-----...." -e.--.L- ,--..- - 
d i s t r i t u t i cn .  - T'hc e f fec t  on n i x t ~ r t .  dis't.ribut;lon of Slocking - ---..----- J 

the carburetor screen with pieces of cardboard t o  simulate the 
blocking mimed by ice f o m t i o n s  diolodgeci from upstream duct 
walls during hot a i r  de-fcing i s  shown i n  figure 14 f o r  a 
ca~bure tor -a i r  t e q e r a t u r e  of 77' F. A t n i c a l  d is t r ibut ion  
gat tern obtained with f u l l  screen opening Is included t o  provide 
a basis  f o r  comparison. I n  general, the distri'bution patterns 
are sfmilar, The difference between the r ichest  and tine leanest 

, cylinders i s  asproximately the same f o r  the blocked and unblocked 
screen except tha t  blocking the l e f t  quarter of the screen appar- 
ent ly  a f f ec t s  the d is t r ibut ion  the most, causing a fue l - a i r  r a t i o  
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spread of approximately 0,028 between the r ichest  and the leanest 
cylinders, The spread 5.ras approximately 0,020 with f u l l  screen 
opening, - .  

Because of the absence of e r r a t i c  metering i n  dry-air conditions 
a t  low a l t i tude ,  the e f fec t  of-water  o r  ice  i n  the air-metering 
passages of the carburetor is considered t o  be the cause of the 
serious lowering of fue l - a i r  r a t i o  experienced under icing conditions 
( f i g ,  13)) a s  well a s  the cause of f a i lu re  t o  res tore  fue l - a i r  r a t i o  
upon completion of air-flow recovery during hot -a i r  de-icing. 

SUMMABY OF RESULTS 

The r e su l t s  of the investigation of the icing characteristics,  
the de-icing ra te  with hot air, and the e f fec t  of impact ice  on 
f u e l  metering and mixture d is t r ibut ion  conducted on the laboratory 
i n s t a l l a t  ion of a carburetor and supercharger assembly of an 
18-cylinder r ad ia l  engine with the nine supercharger out le t s  joined 
i n  a collector ring a re  8s follows: 

1, A t  carburetor-air temperatures above 36' F, the induction 
' 

system remained ice-free regardless of the moisture content of the a i r ,  

2 .  A t  carburetor-air temperatures between 32' and 36' F with ' 

humidity r a t i o s  i n  excess of saturation, serious th ro t t l i ng  ice 
formed i n  the carburetor because of expansion cooling*of the a i r .  

3. Serious impact ice  formed i n  the induction system a t  carburetor- 
a i r  temperatures below 32' F with humidity r a t i o s  i n  excess of 
saturation, 

4 ,  Spinner-type f u e l  inject ion a t  the supercharger-impeller 
entrance eliminated all tendencies toward fuel-evaporation icing, 

5, Warming of the supercharger-inlet elbow and guide vanes 
by lubricating o i l  i n  the rear  engine housing minimized the f o w -  
t i o n  of th ro t t l i ng  and impact ice  on the walls and supercharger 
entrance vanes below the carburetor, 

6, Air-flow recov~ky time a t  fixed th ro t t l e  was rapidly 
reduced with increase i n  in l e t - a i r  wet-bulb temperature t o  55' F 
and air-flow recovery was accomplished i n  0.4 minute or  l e s s  with 
de -icing-air  wet-bulb temperatures greater than 58' B. . 

7 .  Larger ice  fo'mnations and lower icing temperatures both 
increased the de-icing recovery,time a t  a given wet-bulb temperature, 
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8. The trapplng and the freezing of water i n  the carburetor- 
a i r  metering pa.ssages a t  below freezing carburetor-sir  tempera- 
tures  resulted i n  e r r a t i c  f u e l  metering and delayed recovery of 
proper fue l - a i r  r a t i o  a f t e r  hot-air  de-icing. 

9. Ice accretions i n  the carburetor resulted i n  lowered over- 
a l l  fue l -a i r  r a t i o  and an increased deviation i n  fue l - a i r  r a t i o  
t o  the individual cylinders frorn the over-all  f u e l - a i r  r a t io .  

10. Blocking of the carburetor screen simulating the blocking 
caused by ice  formations released from upstream duct walls during 
hot-air  de-icing had no adverse e f fec t  on mixture dis t r ibut ion 
except when the l e f t  quarter of the screen was covered, causing 
an increase i n  fue l -a i r  r a t i o  spread from 0.020 t o  0.028. 

Fl ight  Propulsion Research Laboratory, 
National Advisory Committee f o r  Aeronautics, 

Cleveland, Ohio, June 9, 1947. 
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TABLE I - RESULTS OF I C I N G  INVESTIGATION 
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t emperatme 
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F i g u r e  
t i o n  

( a 1  Rear view, 

( b )  Th ree -qua r te r  f r o n t  v  iew. 

I nduc t  i on-system de- i c  i ng i n s t a  l l a t  i cn  o f  r e a r  eng 
h  c a r b u r e t o r  and t r a n s p a r e n t  p i  a s t  i c  o b s e r v a t i o n  du 
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NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

F i g u r e  2.- Schema t i c  d iagram o f  c a r b u r e t o r  and  s u p e r c h a r g e r - i n l e t  e l  bow. 
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( a )  Location o f  thermocouples I t o  6 and observation windows as viewed . 
from Pop of bupercharger- inlet el bow. ' 

( bP Locat ion of BRekmocoupi es 7 and 8 on tu rn l  ng vanes as v i  ewad from 
f ront  o f  supercharger- in8 e9 e l  bow, 

F i  gure 3. - Tkepmocoup~ e and obssrvat ion-wi ndow Instal l a t  ion on super- 
charger--- i i  eet e! bow, 
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Ffgure 4 .  - I c i n g  characteristlcs of engine induction s y s t e m .  
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( a )  Screen ic ing.  

I b )  Ventual ,  boost-venturi ,  and impact-tube ic ing .  

Figure 5.  - impact- ice domatlons on c a r b u r e t o r  screen and c a r b u m t o r  
top deck* 
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Fig, 'I 

( a )  Carbu re to r  t o p  deck, 

( b l  T h r o t t l e  p la tes ,  

I c )  Supercharger-impel i e r  en t rance vanes, 

F i g u r e  7. - Impact- ice fo rma t ion  on c a r b u r e t o r  and supercharger  t u r n i n g  
vanes a f t e r  3 hours  o f  i c i n g .  
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Figure 8 - E f f e c t  of relative hunnidf ty and d ~ y - b u l b  temperpa- 
$ure ow &-icing %%me a f t e ~  icing a$ 25* P, 
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20 30 40 30 CjB XI8093 
App~oxf  mate ea tha lgy  values, B t u / l b  

Figure 9, - Ef fec t  sf %e%ng temperature on de-icing -t%rne, 
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Figure 10.- Effect of magnitude of Ice formatfon on recovery 
time at 2 5 O  F, 
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Time a f t e ~  s t a r t  of de-8c%ng, mfn 

Figure 11, - TypIeaP time-history eukves of hot-ai~ de-icing, 
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I n t a k e  p fpes  C y l i n d e r s  
n l , 2  

Figure 12, - R e p r a d u e % b f l f t y  of m i x t u r e - d % s t r i b u t i o n  d a t a  at 
c a r b u r e t o ~ - a i r  tempera ture  of' 80° F and engine  speed of 2000 
rpm w i t h  wide-open t h r o t t l e ,  
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2 4 6 8 10 12  14 16 18 
Cylinder 

Figure 13. - Effect  of carburetor i c l n g  on mixture d i s tr ibut ion  
a t  two d i f f e r e n t  throt t l e  ang le s .  
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Figure 14, - Effect of s Lmulated-ice-formation location 
on mixture distrlbution at a carburetos-air temperature 
of 7 7 O  F, 
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